INTRODUCTION
ACTIVE NETWORK MANAGEMENT
Advanced forms of active management utilise real time control of generation and network devices, based on real time measurements of primary system parameters [1] . These forms of active management have as their goal the resolution of the four interconnected technical issues [2] [3] raised by the connection of a generator to the distribution network:
Generators, depending on their size, normally have to adhere to the policy of the network operator with regard to communications and control systems.
Under active management, these systems have to be more advanced and are essential for network security. How these schemes are designed and implemented is a crucial part of the connection process for a generator connecting to an active management scheme. Therefore there are two further areas to the four previously listed:
• Communications and Control • Active Management Planning An active network management solution must not jeopardise the security of the network; therefore, instead of being considered as a separate issue, network security considerations are present in every solution. The following sub-sections will introduce these areas of focus and point to further reading.
Power Flow Management
The introduction of any form of generation to a power network will result in modified power flows. For the distribution networks this can cause reverse power flows with implications for the operation of transformers and protection systems. It has been highlighted elsewhere [2] [4] that the adoption of new planning approaches and accompanying control strategies can support the connection of individual generators to the distribution network. These strategies require established operational approaches to be re-addressed and provide valuable insight into the issues that the network operator will face on a larger scale as multiple generators make connection applications.
Voltage Control
Existing voltage control in distribution networks is often limited and rigid. Therefore, introducing new generation can cause a shift in voltage levels creating problems for existing voltage control approaches, such as line drop compensation. Potential solutions have been identified [2] [3] [5] from a network operations perspective; these solutions will in turn be affected by the new generator technologies coming to market, such as the doubly fed induction generator. The application of such technology to wind turbines will open up potential
network support services to the network operator. This will allow generators with such capabilities to contribute to network security.
Fault Level
Increased generator connections lead to increased fault levels. If fault levels exceed switchgear protection ratings then upgrading is required to satisfy safety and security concerns.
There are a variety of potential solutions which have been highlighted elsewhere [2] [3], including the reconfiguration or splitting of the network, both pre-planned and in real time, to distribute fault currents in a manner which will not cause fault levels to exceed safe limits. The application of individual devices, such as an Is Limiter [2] , can provide security but are yet to overcome technical hurdles preventing widespread adoption.
Communications and Control
Underpinning the success of any active management scheme are the communications and control elements required. SCADA (Supervisory Control And Data Acquisition) infrastructure in existing distribution networks is limited and not adequate for the requirements of active management. Existing measurements should be used whenever possible and integration and implementation of new infrastructure within the existing SCADA environment should be as cost effective as possible. Solutions have been identified [6] [7] that involve the definition of control zones or "cells" within the network that is being actively managed.
Active Management Planning in the U.K
Traditionally, networks are planned in compliance with Engineering Recommendation P2/5 in respect of security of supply. This results in the application of the N-1 checking and contingency ranking method [8] . This method prescribes that the failing of one of N lines will not impact upon the security of supply. This approach results in generation being limited to a "Firm" level, equal to the capacity remaining after the loss of the largest line or cable, plus the minimum load on that part of the network. Connecting generation above this level, both at transmission and distribution, into "Non-Firm" capacity requires careful consideration and the use of constraints either pre or post fault. Various communications and control strategies can support this approach [9] [10].
FACILITATING INCREASED GENERATOR CONNECTIONS TO THE ORKNEY DISTRIBUTION NETWORK THROUGH ACTIVE NETWORK MANAGEMENT
The Orkney Islands located off the North coast of Scotland are rich in wind and marine renewable energy sources. This has led to the introduction of renewable technologies sooner here than in many other distribution networks. The resource is also acknowledged by the continuing developments on Orkney for wind energy and the European Marine Energy Centre. The proliferation of generators and connection applications will make Orkney a net exporter of energy. This contrasts heavily with how the system was designed: to operate passively and deliver power unidirectionally to consumers.
System studies were performed using the Power Systems Simulation Software PSS/E. The results of which provided the basis for the design and initial specification of the active management scheme.
Background
Orkney has 11,000 customers spread throughout its many islands, but the main population and load centres are found on the main Orkney Island. The following sections provide a summary of the main outcomes of the project, as presented in greater detail in the final project report [11] . The layout of the Orkney Network can be seen in Figure 1 . 
Kirkwall (the main load centre) that provides power for the islands in the event of losing the larger submarine cable to the mainland. The synchronous type alternators at Kirkwall provide the essential reactive capability required to stabilise the system voltage during this contingency. Shunt reactors are permanently connected to the 33kV ring to compensate for the capacitive effects of the submarine cables. Demand on the Orkney distribution network ranges from a summer minimum of around 7MW to a winter maximum of around 32MW. Local generation (wind, marine and traditional sources) is connected up to the Firm capacity limit of 26MW, equal to the capacity of lower rated submarine cable plus a previous minimum demand of 6MW. This generation can operate freely and remain online under any first circuit outage. If further generation is to connect then additional control schemes are required to regulate generator output and ensure network security under normal operating and contingency conditions.
Framework for Design and Evaluation of Active Management Scheme
Outlined below is the framework used to design and evaluate the active management scheme. The final report [11] details the work undertaken at each step and the main achievements.
• Analyse network 
Existing Active Management of Orkney Network
Several active management approaches exist already on Orkney to provide flexibility for the network operator and relieve the strain on the network when in periods of load and generation extremities.
Radio Teleswitching of Heating Loads. Space and water heating demands are teleswitched to shift load on the network and therefore alleviate strain at peak times if necessary.
Large Customer Demand Management. Onsite demand for a large customer is managed using Programmable Logic Controllers (PLCs) communicating on an unlicensed radio band. This scheme provides security for the submarine cables to the mainland by managing demand accordingly.
Load Shedding. In order to prevent the overloading of the main Orkney core of 33kV circuits, and the connections to the mainland, 11kV feeders at Kirkwall would be sequentially tripped off under some contingency conditions. This option is used as a last resort to stop cascading blackouts on the local system.
These schemes have impacted heavily on the shape of the load curve for Orkney. Demand side management's potential within the active management scheme will not be considered due to the existence of these schemes.
Orkney Generation Portfolio
Present and future generation on Orkney can be segregated into three groups: Firm Generation (FG), Non-Firm Generation (NFG) and New-Non-Firm Generation (NNFG).
FG (26MW)
. This is the first group of generation to connect to the network up to the limit prescribed by the N-1 planning approach.
NFG (21MW)
. FG + NFG is equal to the minimum amount of generation that can operate freely under normal (intact network) operating conditions: equal to the maximum capacity of the system at minimum load, found to be 47MW from system studies. This 21MW of generation will be intertripped in the event of the loss of the larger submarine cable to the mainland.
NNFG (25MW).
The NNFG is essentially load following generation connecting in addition to the FG and NFG up to the maximum capacity of the Orkney system at full load; found by system studies to be 72MW. The NNFG is the group of generation able to connect under the auspices of the active management scheme. This means that generation connected to this group is likely to experience some level of curtailment. This situation will change if the FG and NFG are predominantly intermittent renewable generators. Determining the level of constraint is complicated and of extreme importance in assessing the viability of NNFG connections.
Scheme Identification and Selection
As discussed previously, there are three main technical hurdles (in addition to network security) to the connection of A further two additional shunt reactors are planned for either side of the 33kV northern ring to reduce the voltage rise effect exacerbated by the connection of further generation. System studies showed that for all scenarios the devices are necessary and sufficient for maintaining system voltages within regulatory limits.
Fault Level. System studies showed that even with all generation connected up to and beyond NNFG theoretical capacity, the fault level is within the capability of the system. Power Flow Management. The connection of generation up to the NNFG capacity will result in thermal limits being breached. Therefore regulation of power flows from NNFG is required to ensure thermal limits are adhered to. This is developed further in the following section.
Selected Active Management Solution -Power Flow Management
The network will be split into control zones, as shown in Figure 1 . Each zone will have its own accompanying control logic which will seek to maximise the available generation output for export. The export will be optimised up to the MVA thermal limit of the zone, subject to an operating margin. The operating margins will be twofold; incorporating a larger margin which when exceeded will result in the sequential trimming of NNFG, and a smaller margin which when breached will cause the sequential tripping of NNFG. A failure to respond to a trim instruction will result in the tripping of the generator after a pre-determined time delay. Generators may be approached for trimming and tripping on a "Last In First Off" basis, to avoid contractual complications with FG and NFG who have prior access to network capacity. The operating margin is necessary due to the unconstrained behaviour of the FG and NFG units who can raise their output at any time. Any failure of the active management scheme and NNFG units to respond rapidly could threaten network security, incorporating the operating margin provides security and protects the system from overloads.
The size of the operating margin is dependent on many factors: ramp rates of generating units, communications and control delays, logic processing, capacity and characteristics of online generation, and demand characteristics. Due to this complexity and the unknown element of future connections the operating margin cannot be specified at this point. Figure  2 demonstrates how the operating margin should vary with the load and the level of generator export permissible at each load level.
It has been suggested elsewhere [5] that active management has the potential to increase the level of connected generation by up to three times what would normally be possible. This scheme not only demonstrates that this is theoretically possible but also introduces a method (requiring some further investigation) for achieving these increased connection levels. 
Communications and Control
The chosen scheme relies on measurements of the export MVA flow from each zone to the core, or from the core to the mainland. How these measurements are communicated to the control centre and what and how control instructions are sent to generators is critical to the success of the scheme. These systems impact directly on the size of the operating margin employed, and therefore on curtailment experienced.
Communications. All generation on Orkney is required to have a direct link to the SHEPDL SCADA system. Therefore, minimising the cost of the communications link necessary for the active management scheme is necessary. Digital radio is a cheap alternative to the private wire. The communications link required will have to be determined on a pro rata basis, dependent on the local geography at the site, the functionality required and on nearby infrastructure. There is already considerable infrastructure in place on Orkney for digital radio.
Logic Control. The logic used to control and optimise each zone will be based in the Kirkwall control centre. Kirkwall is the current hub for all power system communication on Orkney for SHEPDL, and there are existing communication links to all FG. Siting the active management control centre in Kirkwall allows existing links to be used and new communications links minimised.
The logic behind operations consists of four main groups: Loss of Communications; Generator Output Regulation (trimming); Generator Tripping; and Lockouts and Enables. These four groups ensure network security under both normal and contingency conditions. For more information refer to the final project report [11] .
Implications
Adoption of the active management scheme will impact upon the network operator, generator and consumer. The 
Network Operator Implications.
Ensuring network security, adherence to license agreements and planning standards, detailed engineering design, hardware and engineering investment in SCADA, operational complexity, recovering costs, commercial considerations, interaction with voltage control schemes, ongoing modifications and developments.
Generation Operator Implications. Communications required, desirable control response characteristics, assessment of potential connections and available capacity, commercial arrangements, connection costs, deminimis capacity, ongoing modifications and developments.
Demand Customer Implications. Security of supply, power quality, social issues, environmental concerns and local economic implications.
Future Work
Formulation and further definition of the operating margin is required, this cannot be done without knowing the nature of future generation connections. The applicability of the method to other situations requires investigation; therefore, further detailed analysis is required to shed light on the benefits and drawbacks of the scheme. Further work on planning for active management is also required, to develop existing schemes and also to enable networks to become actively managed.
Conclusions
This paper has introduced a concept for active management of the Orkney distribution network to enable secure optimisation of available network capacity for generation connection and operation. This concept marks a radical departure from the traditional approach to distribution network management. The technical appraisal of the network and its capabilities and limitations were fundamental for the design of the scheme. It has been shown that the implementation of the scheme will release additional capacity for generation, while providing network security. Connecting generation capacity beyond the firm capacity inevitably means operational constraints will be necessary, under both normal (NNFG) and contingency conditions (NFG and NNFG).
Further detailed design will allow the full potential of the scheme to be realised. The application of this scheme to similar situations will help to overcome the operational barriers to connecting large amounts of renewable generators, whilst avoiding the expensive upgrading of distribution networks.
As noted at several points in this paper, the final report [11] contains more detail regarding the scheme and future work.
